Little is known about the foraging behavior of top predators in the deep mesopelagic ocean. Elephant seals dive to the deep biota-poor oxygen minimum zone (OMZ) (>800 m depth) despite high diving costs in terms of energy and time, but how they successfully forage in the OMZ remains largely unknown. Assessment of their feeding rate is the key to understanding their foraging behavior, but this has been challenging. Here, we assessed the feeding rate of 14 female northern elephant seals determined by jaw motion events (JME) and dive cycle time to examine how feeding rates varied with dive depth, particularly in the OMZ. We also obtained video footage from sealmounted videos to understand their feeding in the OMZ. While the diel vertical migration pattern was apparent for most depths of the JME, some very deep dives, beyond the normal diel depth ranges, occurred episodically during daylight hours. The midmesopelagic zone was the main foraging zone for all seals. Larger seals tended to show smaller numbers of JME and lower feeding rates than smaller seals during migration, suggesting that larger seals tended to feed on larger prey to satisfy their metabolic needs. Larger seals also dived frequently to the deep OMZ, possibly because of a greater diving ability than smaller seals, suggesting their dependency on food in the deeper depth zones. Video observations showed that seals encountered the rarely reported ragfish (Icosteus aenigmaticus) in the depths of the OMZ, which failed to show an escape response from the seals, suggesting that low oxygen concentrations might reduce prey mobility. Less mobile prey in OMZ would enhance the efficiency of foraging in this zone, especially for large seals that can dive deeper and longer. We suggest that the OMZ plays an important role in structuring the mesopelagic ecosystem and for the survival and evolution of elephant seals.
Here, we assessed the feeding rate of 14 female northern elephant seals determined by jaw motion events (JME) and dive cycle time to examine how feeding rates varied with dive depth, particularly in the OMZ. We also obtained video footage from sealmounted videos to understand their feeding in the OMZ. While the diel vertical migration pattern was apparent for most depths of the JME, some very deep dives, beyond the normal diel depth ranges, occurred episodically during daylight hours. The midmesopelagic zone was the main foraging zone for all seals. Larger seals tended to show smaller numbers of JME and lower feeding rates than smaller seals during migration, suggesting that larger seals tended to feed on larger prey to satisfy their metabolic needs. Larger seals also dived frequently to the deep OMZ, possibly because of a greater diving ability than smaller seals, suggesting their dependency on food in the deeper depth zones. Video observations showed that seals encountered the rarely reported ragfish (Icosteus aenigmaticus) in the depths of the OMZ, which failed to show an escape response from the seals, suggesting that low oxygen concentrations might reduce prey mobility. Less mobile prey in OMZ would enhance the efficiency of foraging in this zone, especially for large seals that can dive deeper and longer. We suggest that the OMZ plays an important role in structuring the mesopelagic ecosystem and for the survival and evolution of elephant seals.
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| INTRODUCTION
The mesopelagic zone, a vast oceanic region typically between depths of 200-1,000 m, is one of the largest ecosystems on earth (Irigoien et al., 2014; Robinson, Steinberg, et al., 2010; Robison, 2004) and forms a critical foraging habitat for a variety of large predators, that is, fishes, turtles, penguins, toothed whales, and seals (Block et al., 2011; Charrassin et al., 2001; Cherel, Ducatez, Fontaine, Richard, & Guinet, 2008; Eckert, Eckert, Ponganis, & Kooyman, 1989; Miller, Johnson, & Tyack, 2004; Potier et al., 2007) .
While many large predators depend on mesopelagic prey, it is apparent that the biota of this zone is strongly affected by the amount of dissolved oxygen which varies largely according to depth (Robison, 2004) . The shallower part of the mesopelagic zone is rich in biota, but the deeper part is biota-poor as an oxygen minimum zone (OMZ) generally develops forming a habitat-restrictive anoxia zone (Robinson, Steinberg, et al., 2010; Robison, 2004) . Recent upward expansion of the OMZ may threaten the lives of large predators by reducing their biota-rich foraging zone (Bograd et al., 2008; Stramma et al., 2008 Stramma et al., , 2012 , but the importance of the mesopelagic zone, including the deep anoxia zone, as a foraging habitat for large predators has not been fully described.
Despite the low prey availability and high costs of diving to great depths in terms of energy and time, various marine mammals are known to make deep dives and may use the OMZ as their predominant foraging habitat, which appears to contradict the predictions from optimum foraging theory (Stephens & Krebs, 1986) . Investigation of foraging success is key to understanding their puzzling foraging behavior and the ecological role of the OMZ. Yet, measuring foraging success based on gain and cost ratios (feeding efficiency, i.e., gain per unit of energy or time) in the mesopelagic zone is extremely difficult, and has thus far prevented an understanding of how deep divers maintain foraging success in the OMZ when challenged with the increased costs of deep diving. Hence, the role of marine mammals in the deep-sea ecosystem remains largely unknown (Robison, 2004) .
Elephant seals are typical mesopelagic foragers and dive continuously for 2-3 months during the postbreeding migration (Bailleul et al., 2007; Guinet et al., 2014; Hindell, Bradshaw, Sumner, Michael, & Burton, 2003; Le Boeuf et al., 2000; . They dive throughout the day and night forming an apparent diel pattern in the dive depths and perform very deep dives episodically during daytime possibly to the OMZ. These deep dives consistently exceed depths of 800 m, with a maximum observed dive depth of 1,735 and 2,133 m in northern and southern elephant seals, respectively Robinson et al., 2012) . In the past several decades, foraging studies on seals have relied on various approaches including stomach temperature (Kuhn, Crocker, Tremblay, & Costa, 2009) , dive profile and swim speed change (Crocker, Le Boeuf, & Costa, 1997; Hindell, Slip, & Burton, 1991; Le Boeuf, Costa, Huntley, & Feldkamp, 1988; Thums, Bradshaw, & Hindell, 2011) , movement pattern (Le Boeuf et al., 2000; Robinson, Simmons, et al., 2010) , body density (buoyancy) change (Biuw et al., 2007; , and video (Davis, Fuiman, Williams, Horning, & Hagey, 2003) .
However, all these techniques lack the temporal and spatial resolution and/or coverage to estimate foraging success precisely for long periods, and this has limited our understanding of how animals forage in the deep sea.
A recently developed method to observe the feeding attempts of marine mammals using accelerometers on the jaw or the head of seals has made it possible to estimate putative feeding rates (hereafter, feeding rates) dive by dive covering the entire period of migration Jouma'a et al., 2015; Naito et al., 2013; Richard, Cox, Picard, Vacquié-Garcia, & Guinet, 2016) . These results have raised the hypotheses that elephant seals forage on small mesopelagic prey (10-20 g) on average during migration (Guinet et al., 2014; Naito et al., 2013) , which accord with stable isotope studies (Cherel et al., 2008) , and that they fine-tune their diving behavior by adjusting their swimming effort in relation to prey patch depth and density and according to changes in buoyancy (Adachi et al., 2014; Jouma'a et al., 2015; Richard et al., 2016) . Despite these recent studies, the entirety of their dietary choice, characterized within the mesopelagic zone and particularly in the OMZ, remains largely unknown. Although these methods are still unable to estimate the size of each prey ingested, it allows us to estimate their foraging success comparatively against cost (i.e., dive cycle time in this study) or to examine variation in feeding rates among individuals during the entire period of migration. Elephant seals can be used to gain insights into the importance of certain prey in the OMZ with implications for other deep-diving marine megafauna.
Here, we aimed to reveal how female northern elephant seals manage their foraging success in the deep mesopelagic zone, particularly in the biota-poor OMZ, despite the high cost in time of deep diving during the limited period of their postbreeding migration. For this purpose, we monitored the variability in the seal's feeding rates based on jaw movement events (JME) using jaw motion recorders (Naito et al., 2013) attached to 14 seals. We analyzed their feeding rates in relation to the body mass and dive depths of the seals. These results were supplemented with a video recording from one individual obtained using a new video logger triggered by depth and the seal's head motion. Based on these results, we discuss the importance of the OMZ as a foraging habitat for elephant seals and other deep-diving marine mammals.
| MATERIALS AND METHODS

| Field experiments
We deployed jaw motion recorders on the left, lower mandible of 15 seals (three in 2011, four in 2012, and eight in 2013, respectively). We wrapped the recorders in rubber splicing tape and attached to hightension mesh netting with cable ties, and then glued to the pelage using epoxy resin. All seals were fitted with 0.5 W Argos transmitters (Wildlife Computers, Redmond, WA, USA) on their head for tracking the migration paths, and VHF transmitters (ATS, Isanti, MN, USA) on their back for locating seals upon return to the colony site at the end of the foraging migration. In addition, two video units were used in this study, which were triggered to start recording by a three-way onboard system that included the start time, start depth, and the first head-strike motion after the set time and depth. In this study, one video was programmed for shallow depths (>400 m) and the other for deep depths (>800 m), with start times of 3 weeks from deployment (Table 1) . Four seals carried swim stroke recorders (Adachi et al., 2014) Boeuf et al., 2000; Robinson, Simmons, et al., 2010) at instrument deployment and recovery before leaving the colony and after arriving back at the colony. We could not measure the body mass for one seal at arrival time (seal ID: ×387). Thus, we estimated the body mass using the body mass loss rate on land, and time between weighing and arrival time determined by a VHF transmitter on the animal's back. We were also unable to measure the body mass of two seals when they returned, because irregular rocky topography prevented the measurement of body mass.
| Instruments
We developed a long-term jaw-motion recorder (KKL; "Kami Kami Logger," Little Leonardo Co., Tokyo, Japan; diameter 20.2 mm, length 73 mm, mass 48 g: (Naito et al., 2013) ). To extend the recording duration with a high-speed acceleration sampling rate, an onboard data-processing algorithm was developed to detect JME, which were identified using an amplitude threshold for detection of the events, and the loggers stored the number of events counted every fiveseconds. In parallel with these records, the instruments recorded dive depth (range: 0-2,000 m with an accuracy of 10 m) and temperature every five-seconds (range: −20-50 °C).
To identify prey types, we developed a new specialized video system for the efficient monitoring of prey in the deep sea (accelerationtriggered video system: ATVS; "Kami Kami video", Little Leonardo Co., Tokyo, Japan). The acceleration sensor was particularly important to detect the head-strike motion that triggered the ATVS to start recording prey in a patch efficiently. We used two 850-nm LEDs for the light source (SFH4232, OSRAM, Regensburg, Germany), which allowed objects to be visible within 60 cm from the mouth of a seal. The camera and light unit were strengthened to withstand water pressure up to 3,000 m. The dimensions of the ATVS were 28 mm in diameter both for video and strobe, and a length of 148 and 128 mm for the video and strobe, respectively. Weights were 156 and 126 g for the video and strobe, respectively.
| Data analysis
We obtained a complete data set of JME and diving behavior from 14 seals over the entire postbreeding trip. Although the quantity of video footage was limited, we obtained prey images from the video programmed to work at depths of around 800 m, which were used in this study for identification of prey in the OMZ. For the analysis of behavioral data, we used the mask function of the Ethographer software package (Sakamoto et al., 2009) and Igor Pro software (v6.03; WaveMetrics, Lake Oswego, OR, USA).
Metrics of foraging behavior began with the first foraging dive and ended with the last foraging dive, which were several hours shorter than the trip length determined by the first and last dive. The start and end time of each dive, dive duration, and surface time were based on the time when seals reached and returned to a depth of 10 m.
We estimated the time budget of the seal's continuous diving behavior that lasted from the start to the end of the foraging migration.
We categorized their dives into three types using a frequency distribution of the number of JME for each dive (i.e., foraging dive: number of JME ≧ 5, nonforaging dive: number of JME = 0, miscellaneous dive: number of JME = 1-4). We also separated surface time >300 s as extended surface intervals, which was determined visually from a frequency distribution of the surface time for each seal. Argos data obtained from the seals were processed using a speed and turn angle filter and then smoothed using a state-space model (Robinson et al., 2012) .
| Feeding rates for comparison
In this study, we examined variability in JME-based feeding rates using the following biological assumptions: (1) Feeding rates will increase with body mass to serve larger metabolic demands (Boyd, 2002; Costa, 1993) , if all seals forage on similar mesopelagic small prey on average based on the reports on numerous prey catch attempts by suction feeding mode (Jouma'a et al., 2015; Naito et al., 2013; Richard et al., 2016) and myctophids as predominant prey as shown by stable isotope analyses (Bailleul et al., 2010; Cherel et al., 2008) and by head-mounted camera (Naito et al., 2013) ; (2) feeding rates need to be enhanced in all seals to counteract increasing diving cost in very deep V-shaped dives to the OMZ to maintain a positive energy balance (depth effect assumption; Stephens & Krebs, 1986) .
The body mass of elephant seals is variable during migration and accordingly their prey requirements may vary with changing body mass. We used mean body mass (average of start and end body mass) to examine the effect of body mass on feeding rates during migration.
As the seals spent time on shore after the deployment and/or before the recovery of instruments, corrections were necessary to estimate mass at departure and arrival. We corrected our departure and arrival body mass data based on equations derived from serial mass measurements of fasting female seals from previous studies (mass change woa/WOA13/DOC/woa13v2). We also obtained dissolved oxygen concentrations and water temperature profiles (NOAA World Ocean Data Center, representing the average of one-degree-square at 44.5°N, 130°E). 
| Oxygen concentration and water temperature data
| Statistical analysis
| RESULTS
| Data set and diving costs
We successfully obtained a complete data set of JME and diving behavior from 14 seals over the entire postbreeding trip (Table 1) .
Foraging dives were the predominant dive type, ranging from 73% to 91% (including surface time) of the total migration time. Dive type, assigned by number of JME, coupled with the normal diel diving pattern and normal migration pattern of the 14 seals allowed us to estimate feeding rates (Figure 1a,b) .
A total of 48,562 foraging dives and 1,603,476 JME were recorded during postbreeding migrations. While the diel pattern in the depths of JME was apparent from the start to end of migration, very deep dives, beyond the normal or regular diel depth ranges of dives, occurred episodically during daylight hours (green box in Figure 1c ).
Most JME of all seals during migration appeared in the midmesopelagic zone (500-600 m) and decreased in the 700 and 800 m depth zones suggesting that the 500-600 m depth zone was the main foraging depth zone for all seals (Figure 2a ). Dive cycle time (DCT) gradually increased with dive depth as we had assumed (Figure 2a,b ; Table 2 ).
| Feeding rates and body mass
While DCT increased gradually with depth as predicted, feeding rates generally decreased toward 500 m depth but converged between 500 and 600 m, and then slightly increased at 700-800 m and >800 m depths, showing large variations (Figure 2a,b ; Table 2 ). Feeding rates varied largely in the 700-800 m and >800 m depth zones (Figure 2b ).
Dissolve oxygen concentrations gradually decreased and reached to
close to minimum at depths of 700 m and to the minimum at 800 m depths ( Figure 2a) . Thus, we defined the >800 m depth zone as the OMZ in this study. According to our assumption that seals fed on homogenous, small prey types (all seals forage on small prey on average (10-20 g; Naito et al., 2013)), and similar feeding rates in each seal were expected.
However, we found large variations in feeding rates at 700-800 m and >800 m among the seals (Figure 2a,b) . We then examined the effect of seal body mass on the number of JME and feeding rates to test whether larger seals had a higher number of JME than smaller seals to meet higher metabolic needs. Contrary to our prediction, the total number of JME (hereafter nJME) during migration and feeding rates (nJME/day) during migration did not increase with body mass but rather tended to decrease with body mass among the 12 seals (Figure 2c,d ; Table 2 ). This suggests that larger seals might have foraged on larger prey on average to meet their larger metabolic demands.
To examine the effect of body mass on feeding rates in different depth zones, we compared the relationships between body mass and dive number, the ratio of the number of JME to the total number of JME, and feeding rates in 500-600 m, 600-700 m, 700-800 m and >800 m depth zones. The number of dives decreased linearly with body mass in the 600-700 m depth zones and increased in the >800 m depth zones, while the ratio of the number of JME to the total number of JME increased only in the >800 m depth zones (Figure 3a ,b, Table 2 ). Feeding rates tended to decrease with body mass in 500-600 m and 600-700 m depth zones, but not in 700-800 m and >800 m depth zones ( Figure 3c , Table 2 ). These results suggest that smaller seals tended to dive and feed in shallower depth zones, and larger seals tended to depend more on the >800 m zone compared with smaller seals.
| Video observations
The Relationship between the total number of JME during migration and body mass (c) and relationship between nJME/day and body mass (d). Body mass represents mean body mass between body mass at the start and the end of migration. Dashed lines show the regression line of models supported with ΔAICc value <2. Statistical details are shown in Table 2 2,000 1,800 
| DISCUSSION
| Diving cost to the OMZ
Our results suggest that, as predicted, the time costs of diving to the OMZ were high as shown by increasing DCT with dive depth F I G U R E 3 (a-c) Relationship between mean body mass and number of dives (a), nJME ratio for total nJME (b) and feeding rate (FR) (c) at different depth zones. Blue dots, green dots, red dots, and black dots represent 500 m, 600 m, 700 m, and over 800 m depth zones, respectively (averaged data for 500-600, 600-700, 700-800, >800 m depth ranges). Regression lines are shown for the models supported statistically (solid and dashed lines: models supported with ΔAICc > 2 and <2, respectively). Statistical details are shown in Table 2 
| Body mass effect and the size of prey
Our study, which aimed to reveal how marine mammals forage efficiently in the biota-poor OMZ, depended on the accuracy of measurements of energy gain by the jaw motion recorder, that is, accuracy in the number of JME as a comparative index of the amount of prey consumed by the seals. From our previous study, we predicted that JME was a reliable index of digested prey mass based on the following empirical reasons related to the narrow prey size distribution: (1)
They use a suction feeding mode functional for feeding on small prey (Bloodworth & Marshall, 2005; Marshall, Kovacs, & Lydersen, 2008; Suzuki, Naito, Folkow, Miyazaki, & Blix, 2009) ; (2) their morphologically degenerate molar teeth are less functional for feeding on large prey (Abbott & Verstraete, 2005) ; (3) small fish, that is, micronekton, are dominant in the mesopelagic zone (Cherel et al., 2008; Irigoien et al., 2014; Naito et al., 2013; Robinson, Steinberg, et al., 2010; Robison, 2004) ; and (4) the body size distribution of the dominant animals captured by mesopelagic trawling in the 400-800 m depth in the same area of the Northeast Pacific is very small (Saijo et al., 2017) .
Contrary to our prediction, larger seals tended to show lower total numbers of JME and lower average feeding rates during the postbreeding migration (Figure 2c ,d, Table 2 ). If larger seals have larger overall energy requirements than smaller seals (Costa, 1993; Boyd, 2002) , this suggests that the size of consumed prey might not be the same for all seals and might be larger for large seals to meet their higher energy requirements. Information on the size distribution of micronekton or nektonic animals in the mesopelagic zone is very limited due to the difficulty of sampling by nets in the deep mesopelagic zone, particularly at depths deeper than 600 m (Benoit-Bird, Southall, & Moline, 2016; Irigoien et al., 2014; Robinson, Steinberg, et al., 2010; Robison, 2004) . Larger seals tended to show lower feeding rates in the 500-600 m and 600-700 m depth zones, but not in 700-800 m and >800 m depth zones (Figure 3c ). This may indicate that larger seals generally foraged on larger prey compared with smaller seals in these zones. Large variations in feeding rates among individual seals in the OMZ are difficult to explain (Figure 2a,b) . It may simply imply randomness in the size and density distribution of patchy prey in the OMZ. However, diving ability may strongly relate to the efficiency of foraging in this zone, as larger seals showed higher diving frequency and higher feeding ratios in this zone than smaller seals, possibly due to the greater diving ability of larger seals (Halsey, Butler, & Blackburn, 2006; Hassrick et al., 2010; Schreer & Kovacs, 1997; Weise, Harvey, & Costa, 2010) . Given the large fish that appeared in video footage and the high predation pressure from seals, we hypothesize that large prey is likely to use the OMZ, where they can slow their metabolism and rest, to escape from predation in the oxygen-rich upper mesopelagic zone (Childress & Seibel, 1998; Seibel, 2011) .
We note that the relationship between body mass and nJMEbased feeding rate is statistically weak due to limited sample size, and our results need to be confirmed by further studies with a larger sample size. In addition, our data may include errors caused by different body mass and metabolic demands at different growth stages or ages (Deutsch, Crocker, Costa, & Le Boeuf, 1994 ) that may affect nJMEbased feeding rates nonlinearly, even though all the animals in this study were sexually mature.
| Prey behavior in the OMZ
We examined how prey type and prey behavior related to the OMZ with a video recorder. Our video recorded the rarely reported or captured ragfish (Allen, 2001 ). The video records indicated that ragfish were found in patchy locations. Compared to Weddell seals, Leptonychotes weddellii, (Naito et al, 2010) , elephant seals may be less adept at processing very large prey items at deep depth. This may explain why the seal in our study carrying the video recorder attacked 12 fish, but swam past others. Our video showed the static postures of ragfish until the final moment of the seal's attack, despite their welldeveloped caudal fin, which suggested that they were in a state of metabolic suppression, a type of adaptation of fish during the day in the OMZ (Childress & Seibel, 1998; Seibel, 2011) , a zone which occurs across most of the migration area of northern elephant seals (0.5 ml/L, Figures 2a, 3d, 4b,c) . This video observation suggests that the low oxygen concentrations of the OMZ might make prey animals metabolically immobilized and provide great feeding advantages to all predators but particularly those larger predators that can dive deeper and longer.
| Foraging in the OMZ and the midmesopelagic zone
Many toothed whales target large prey, for example, squid, exclusively in the deep seas exceeding 800 m in depth using remote echolocation systems (Clark, 1996; Johnson, Madsen, Zimmer et al., 2013; Robinson, Simmons, et al., 2010) . This continuous diving pattern is completely different from that of toothed whales that dive less frequently to deeper depths compared with elephant seals. This comparison suggests that foraging on heterogeneously distributed prey in deep seas needs a remote prey sensing system, such as the echolocation of toothed whales. In this context, we suggest that an investigation of how elephant seals detect prey in the OMZ remotely is another key to understanding their foraging in this zone, as efficiency in prey detection in the OMZ ultimately determines their foraging success. Here, we suggest that the OMZ plays an important role not only in structuring the mesopelagic ecosystem but also for the survival and evolution of deep-diving marine mammals.
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